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Abstract: Our project MOMO (Multiwavelength observations and modeling of OJ 287) consists of
dedicated, dense, long-term flux and spectroscopic monitoring, and deep follow-up observations of
the blazar OJ 287 at >13 frequencies from the radio to the X-ray band since late 2015. In particular,
we are using Swift to obtain optical-UV-X-ray spectral energy distributions (SEDs) and the Effelsberg
telescope to obtain radio measurements between 2 and 40 GHz. MOMO is the densest long-term
monitoring of OJ 287 involving X-rays and broad-band SEDs. The theoretical part of the project aims
at understanding jet and accretion physics of the blazar central engine in general and the supermas-
sive binary black hole scenario in particular. Results are presented in a sequence of publications
and so far included: detection and detailed analysis of the bright 2016/17 and 2020 outbursts and
the long-term light curve; Swift, XMM, and NuSTAR spectroscopy of the 2020 outburst around
maximum; and interpretation of selected events in the context of the binary black hole scenario of
OJ 287 (papers I-1V). Here, we provide a description of the project MOMO, a summary of previous
results, the latest results, and we discuss future prospects.

Keywords: active galactic nuclei; blazars; jets; black holes; supermassive binary black holes; OJ 287;
spectral energy distributions; Neil Gehrels Swift observatory; XMM-Newton; NuSTAR

1. Introduction
1.1. Blazars and Supermassive Binary Black Holes

Blazars are characterized by their powerful jets of relativistic particles that are launched
in the immediate vicinity of the supermassive black holes (SMBHs) at their centers [1]. The
jets often extend to large distances beyond the host galaxy itself. The broad-band spectral
energy distribution (SED) of blazars exhibits two broad humps of emission [2,3]. The one at
lower energies peaks between the sub-mm and EUV band and sometimes extends into the
soft X-ray regime. It is explained as synchrotron radiation from a population of relativistic
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electrons that form the jet. The second hump peaks in the hard X-ray and/or y-ray regime.
It is usually explained as inverse Compton (IC) radiation from a population of photons that
scatter off the jet electrons. If the synchrotron photons are produced within the jet, their
radiation is referred to as synchrotron-self-Compton radiation (S5C). Alternatively, seed
photons can be provided by external regions and especially the broad-line region (BLR)
or torus (external comptonization; EC). In addition, or alternatively, hadronic processes
may contribute at high energies [4]. The accretion disk—jet interface of blazars represents
one of the most extreme astrophysical environments where high gas densities, strong
magnetic fields, and special and general relativistic effects all play a crucial role in shaping
the multimessenger emission of these systems.

Coalescing supermassive binary black holes (SMBBHs), formed in galaxy mergers,
are expected to be the loudest sources of low-frequency gravitational waves (GWs) in the
Universe [5]. They play a key role in galaxy/SMBH formation and evolution scenarios.
Therefore, an intense search for wide and close systems in all stages of their evolution is
ongoing [6]. Wide pairs have been identified by spatially-resolved imaging spectroscopy.
However, we rely on indirect methods for detecting the most compact, most evolved
systems. These are in a regime where GW emission contributes to orbital shrinkage and
they have successfully evolved far beyond the ‘final parsec” in their separation [7-9]. Even
high-resolution very-long baseline interferometry (VLBI) techniques have so far failed
in spatially resolving these systems. Semi-periodicity searches of light curves [10-13]
or of jet-structures [14-16] have therefore been utilized for selecting small-separation
SMBBH candidates.

Given their well-covered light curves and large-scale jets, blazars are particularly well
suited for a search of small-seperation SMBBHs, and many of the spatially unresolved
candidates have been found in blazars [6].

1.2. 0] 287

OJ 287 is a nearby, bright blazar with a redshift z = 0.3 at J2000 coordinates of
RA = 08"54™48.87° and DEC = +20°06'30.6". It is classified as a BL Lac object based on its
SED and the faintness of its optical broad Balmer lines [17,18]. Its radio—UV SED peaks at
low frequencies, leading to a classification of LBL (low-frequency-peaked blazar [19,20]),
or alternatively as LSP (low synchrotron peak frequency; <10'* Hz [21]) based on an-
other recent SED classification scheme. OJ 287 harbors a structured, relativistic radio jet
(e.g., [22-26]) and is highly variable in the radio regime in flux [27,28] and polarization [29-31].
It has been observed with most of the major X-ray missions and varies strongly in flux and
spectrum (e.g., [32—45]). At epochs of flaring, OJ 287 is detected with Fermi in the y-ray
band [24,46,47].

OJ 287 is among the best candidates to date for hosting a compact SMBBH [48-52] based
on its longest-term and densest light-curve coverage and the most detailed modeling. Its
unique optical light curve dates back to the 1880s and shows characteristic double-peaks
every ~12 years [48,53-55] that have been interpreted as arising from the orbital motion of a
SMBBH, with an orbital period on that order (~9 yrs in the system'’s rest frame). Following
the discovery that major optical outbursts of OJ 287 repeat [12], different variants of binary
scenarios of O] 287 have been considered. The best explored model explains the double
peaks as events when the secondary SMBH intercepts the disk around the primary SMBH
twice during its orbit (‘impact flares” hereafter [52,56]; our Figure 1). The model is based on
the post-Newtonian (PN) approximation to describe the general-relativistic trajectory of the
secondary SMBH and includes terms as high as 4.5PN ([48,49,52], and references therein).
The model requires a compact SMBBH with a primary SMBH of mass 1.8 x 10'° M, and
spin 0.38, and a secondary of mass 1.5 x 10% M, with a semi-major axis of 9300 AU on an
eccentric, tilted orbit. The secondary’s orbit is subject to general-relativistic (GR) forward
precession, causing a change in the time interval of subsequent impact flares. These are
not always separated by 12 yr. Their separation varies with time and in a predictable
manner. According to hydrodynamic simulations [57], the secondary’s impact on the disk
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drives a two-sided supersonic bubble of hot, optically thick gas that expands and cools.
Once the gas becomes optically thin, it starts emitting and at that time the flare becomes
observable. Given its orbit, the secondary SMBH intercepts the accretion disk at different
radial distances from the primary SMBH at subsequent passages. The radial change in the
disk properties is included in the binary model [52] and is based on a magnetized version
of the Shakura—-Sunyaev disk [58].

Figure 1. Sketch of the geometry of the binary SMBH model of OJ 287 requiring two disk impacts of
the secondary SMBH as it orbits the primary SMBH (not to scale). In addition to these impact flares,
the model predicts after-flares when the impact disturbance reaches the inner accretion disk and new
jet activity is triggered.

The last two impact flares were reported in 2015 and 2019 [49,59]. The one in 2019 was
not observable with Swift or from the ground (in the optical band) due to the proximity of
OJ 287 to the sun. The Spitzer observatory was used instead. At epochs of impact flares,
there is an additional optical-IR emission component that may extend into the EUV or
soft X-rays with a bremsstrahlung temperature of the order 10°~¢ K' [32,52,60], and the
polarization of the fotal optical flux decreases [51,59,61]. In addition to the impact flares,
the model predicts ‘after-flares” when the impact disturbance reaches the inner accretion
disk [62,63] and new jet activity is triggered.

Recent simulations of major mergers (SMBH mass ratios g > 0.1) typically predict
a scenario in which a circum-binary disk forms [64-66]. Simulations for a wide range of
mass ratios including g << 1 have been carried out in 2D assuming that the secondary is
in the disk plane (e.g., [67-69]). These models therefore assume a different geometry than
required for the O] 287 binary where the secondary’s orbit is highly inclined and the mass
ratio is g < 0.01. We therefore expect a different evolutionary path of the binary system
with a disk bound to the primary.

When we mention the binary model of OJ 287, then we refer to the model developed by
Valtonen and collaborators (e.g., [12,48-52,56,70]) unless noticed otherwise. Other variants
of binary scenarios were considered in the literature as well (e.g., [28,71-73]), explaining
aspects of the light curve of OJ 287 with a non-precessing binary impacting the disk only
once, or with Doppler-boosting of a jet sweeping our line-of-sight either due to Newtonian
precession or due to the orbital motion of a jet-emitting secondary SMBH. The alternative
of a precessing accretion disk was explored as well [23,74]. Such a scenario has to address
the cause of disk precession (that could again be due to a binary). However, none of these
scenarios has so far seen the detailed modeling and predictions over many years that are
unique to the binary variant of OJ 287 first proposed by Valtonen et al. [56,70].

2. MOMO Project Description
2.1. Motivation, Set Up, and Key Goals

Among the blazar population, OJ 287 stands out in several respects: First, it is among
the best candidates to date for hosting a compact SMBBH. The timing of the impact flares
and after-flares in the best-explored and best-tested binary model of OJ 287 depends
crucially on GR precession effects of the binary orbit, warps in the accretion disk, as well
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as the binary orbital shrinkage due to GW emission [48,49,51,59]. OJ 287 therefore is
an excellent candidate for studying strong-field relativistic effects and for searching for
consequences of GW-inspiral well before the launch of space-based GW interferometers
and well before more sensitive pulsar timing arrays start operating in the framework of
SKA-II [75]. Second, independent of its possible binary nature, OJ 287 is one of the very few
LBLs (low-energy peaked blazars) which have their synchrotron component(s) extending
into the soft-X-ray regime, optimally constraining the high-energy end of the electron
population most sensitive to heating/cooling processes, while at the same time the inverse
Compton component is detected in the same (XMM-Newton and Swift) X-ray band [36].
Third, OJ 287 is currently undergoing a phase of exceptional activity, and has been known
in the past for the great brightness of some of its optical outbursts, reaching 12th mag and
making it one of the brightest members of the blazar population. For these reasons, we
have initiated the program MOMO (Multiwavelength Observations and Modeling of OJ
287 (e.g., [35,36,76])), which started in late 2015 after the report of a bright optical flare in
December 2015 interpreted as impact flare in the binary SMBH model [59]. The goal is to
cover at least one ~12 yr cycle of OJ 287 (Figure 2).
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Figure 2. Swift (0.3-10 keV) X-ray light curve of OJ 287 between January 2016 and 31 March 2021.
Two prominent outbursts occurred in 2016/17 and 2020. Error bars are always plotted but are often
smaller than the symbol size. The majority of data was obtained in the course of the MOMO project.

MOMO rests on an observational and a theoretical pillar. The observational part con-
sists of multi-year, multi-frequency flux and spectroscopic monitoring at >13 frequencies
from the radio to the X-ray regime. The Neil Gehrels Swift observatory (Swift hereafter [77])
and the Effelsberg radio telescope play a central role. In addition, deeper follow-up ob-
servations at other facilities are triggered in case of outbursts, deep low-states, or other
exceptional states of special interest. MOMO is the densest long-term monitoring of OJ
287 involving X-rays, the UV, and broad-band SEDs with a cadence as short as 1 d. On
the theoretical side, focus is on SED modeling, on the jet physics that drive the cross-band
delays and the characteristic timescales obtained from discrete correlation function (DCF)
and power spectral density analyses, on the disk-jet connection, on the distinction between
different jet precession and binary scenarios that make distinctly different predictions for
the timing and SEDs of flares, and on aspects of the recent evolution of the binary system.
The upcoming Sections 2.2-2.4 will provide more details of the model constraints we can
extract in each waveband.
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A few individual Swift (and XMM-Newton) observations of OJ 287 are timed with the
Event Horizon Telescope (EHT [78]) to obtain quasi-simultaneous SEDs [36]. Independent
of the MOMO program, OJ 287 is a prime target of the EHT and other VLBI observations.

All data obtained by us are analyzed quickly. The community is alerted rapidly
in Astronomer’s Telegrams about outbursts or other noteworthy states of O] 287 we
detect with Swift or at Effelsberg (ATel #8411, #9629, #10043, #12086, #13658, #13702,
#13785, #14052) to enable them to take additional multiwavelength data not covered by
our own project.

2.2. MOMO-X

We are using the Swift X-ray telescope (XRT [79]) to obtain X-ray spectra of OJ
287 along with occasional deeper spectroscopic observations with XMM-Newton and
NuSTAR [35]. The Swift XRT operates between 0.3-10 keV. The majority of exposure times
is in the range 1-2 ks. All Swift X-ray spectra are fit with absorbed, single-component
power laws of photon index I'y. The absorption is fixed at the Galactic foreground absorp-
tion toward OJ 287 (Hydrogen column density Ny g, = 2.49 x 102 cm—2 [80]; see [35]
for further details of the Swift data analysis). The typical cadence of observations ranges
between 1-5 d and is higher at epochs of rapid flux changes (outbursts, deep minima).
Each year, our Swift observations of OJ 287 are interrupted by ~3 months because OJ 287
is unobservable due to its proximity to the sun.

The X-ray band traces the synchrotron emission and/or inverse-Compton emission
but is also sensitive to accretion-disk emission. Given the large mass of the primary SMBH
required by the binary model, we do not expect any significant extension of any thermal
(multi-temperature black body) accretion-disk emission into the soft X-ray regime [81].
However, we do expect the presence of an accretion-disk corona in X-rays, even though
at most epochs it will be undetectable since it is much fainter than the jet emission (as is
commonly the case in BL Lac objects).

2.3. MOMO-UO

We are also using the Swift UV-optical telescope (UVOT [82]) to obtain dense coverage
in all three optical and all three UV filters (Table 1).> Occasional follow-up optical spec-
troscopy at ground-based telescopes is obtained to search for spectroscopic (emission-line)
activity at select epochs of outbursts or low-states. The UVOT data are taken quasi-
simultaneous with the XRT data, and at the same cadence. Exposure times for the UVOT
are on the order 1-2 ks, where under normal circumstances the filters V:B:U:W1:M2:W2 are
observed with a ratio of 1:1:1:2:3:4 of the total exposure time, respectively [84]. UV-optical
fluxes are corrected for Galactic extinction [85].

While the optical-UV emission of O] 287 is dominated at most times by synchrotron
radiation, the dense SED coverage allows us to search for temporary accretion-disk or
other thermal emission contributions as well; rarely expected as OJ 287 is a BL Lac, except
for epochs of thermal emission predicted by the binary SMBH scenario (Section 1.2) or at
epochs when the jet emission is in a very deep low-state such that the faint, long-lived
accretion-disk emission becomes detectable’.

The Swift UVOT and XRT light curve of OJ 287 between 2016 and 2021 is shown in
Figure 3 (see [36,86] for the complete Swift light curve starting in 2005). UV-optical fluxes
are displayed as flux densities multiplied by filter central frequencies. Most of the data
were obtained by us in the course of the MOMO project, but we have added public archival
data as well.
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Figure 3. Swift light curve of OJ 287 between January 2016 and 2021 [35,36,76] now expanded until
31 March 2021. The majority of data was obtained by us in the course of the MOMO project. The
X-ray flux (in the observed 0.3-10 keV band, and corrected for Galactic absorption) and the UV-optical
fluxes (corrected for Galactic extinction) are given in 10~!! erg s~! cm 2. Ty is the X-ray power-law
photon index. In addition, 1 January of each year between 2016 and 2021 is indicated by a green
vertical line. Error bars are always plotted but are often smaller than the symbol size. Three epochs
are marked in color: the 2016/17 outburst (dark blue), the 2017 UV-optical deep fade (light blue), and
the April-June 2020 outburst (red).

2.4. MOMO-Radio

In the radio regime, we are using the Effelsberg 100m radio telescope to obtain multi-
frequency flux and spectral measurements at dense cadence of typically two times per
month (PI: S. Komossa; program identifications 99-15, 19-16, 12-17, 13-18, 75-19, and 65-20)
since late 2015 [87]. Frequencies between 2.6 and 40 GHz are employed (Figure 4, Table 1).
Data reduction and analysis procedures follow Refs. [31,88]. In the radio regime, a coverage
of OJ 287 is possible even at those epochs each year where OJ 287 is unobservable with
ground-based optical telescopes and with Swift due to its solar proximity. The Effelsberg
telescope can still observe sources at distances larger than one degree from the sun. First
radio results [31,87] obtained in the course of the MOMO project revealed strong changes
in the polarization and EVPA of OJ 287.
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Figure 4. Representative recent radio SEDs of OJ 287 between 2.6 and 40 GHz obtained at the
Effelsberg 100m telescope in the course of the MOMO project (taken from [89] with the permission of
the editors).

Table 1. Summary of the instruments and wavebands that form the core of MOMO. (Note that we
only list the radio frequencies most recently employed. Some receivers have changed in the past,
and, at selected epochs, a larger range of frequencies was used.)

Mission Instrument Waveband or Central Wavelength
Swift XRT 0.3-10 keV
Swift UVOT-W2 1928 A
UVOT-M2 2246 A
UVOT-W1 2600 A
UVOT-U 3465 A
UVOT-B 4392 A
UVOT-V 5468 A
Effelsberg 100m telescope S7mm 33-50 GHz
S14mm 18-26 GHz
S20mm 12-18 GHz
S28mm 10.45 GHz
S60mm 4.85 GHz
5110mm 2.55 GHz

Radio emission traces the synchrotron components. Ongoing measurements are used
to: (1) Obtain the flux density and its evolution, especially in the time intervals around the
binary impact flares and after-flares. (2) Time the radio high-state(s), especially with respect
to the optical maxima and our own multi-wavelength data, but also including y-rays. (3)
Use the radio and cross-correlated optical, UV, X-ray, and other MWL data, and spectral
turnover frequency, to constrain the jet physics and magnetic field, including with low-
and high-level flaring that goes on independent of the binary’s presence. (4) Distinguish
between different SMBBH scenarios and explore facets of the best-developed binary model,
based on distinctly different predictions in the radio regime for the first and second optical
peak of the double peaks and for the possible after-flares. For instance, if major optical flares
are thermal in nature, they will not be accompanied by radio flares* If both optical peaks
are synchrotron peaks, we expect two radio flares, with polarization evolution following
synchrotron theory.

3. MOMO Results

Here, we give an overview of results obtained so far (papers I-1V), we use the most
recent results to update light curves and correlation diagrams, and we provide new results
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and analyses using the most recent Swift observations and Effelsberg multi-frequency radio
observations since 2019. This is an ongoing project and more results will be reported in
the future.

3.1. Long-Term Light Curve

The Swift long-term X-ray-UV-optical light curve of O] 287 (Figures 2 and 3) is charac-
terized by high-amplitude variability. The flux is rarely constant over extended periods of
time. Two bright, super-soft X-ray outbursts were discovered in 2016/17 [76] and 2020 [35].
The optical-UV and X-rays are closely correlated. In addition, the light curve reveals
multiple episodes of mini-flaring on the timescale of weeks to months between 2016 and
2021. Overall, the level of activity of O] 287 is significantly higher and the X-ray spectra are
steeper than during the early Swift observations of OJ 287 in 2005-2007 ([40]; see [36,86] for
the long-term Swift light curve since 2005) when X-ray countrates dropped below 0.1 cts/s
and the photon index was as flat as 'y ~ 1.5.

The recent Effelsberg light curve reveals a radio flare that accompanies the 2020 out-
burst. A second flare of comparable peak flux is also seen in 2021, when the X-rays
remained in a rather low state and the optical-UV showed mini-flares superposed on a
broader multi-months flare with intermediate peak flux, not reaching the levels of the
2016/17 and 2020 outbursts.

3.2. X-ray Spectroscopy

Swift monitoring observations are typically of 1-2 ks duration, and therefore do not
allow multi-component spectral fits. Single power-law fits are well-constrained and provide
important information on the dominant emission mechanism; super-soft synchrotron
emission during epochs of outbursts as steep as I'y ~ 3 and flat inverse-Compton emission
with I'y o~ 1.5. A strong softer-when-brighter variability pattern is seen (Figure 5), explained
as increasing dominance of the soft synchrotron component as the flux increases.

3.0

25

2.0

T
LA O N S I A B B B B Y B

| I | |
0.5 1 1.5
Countrate [counts s~1]

o

Figure 5. Softer-when-brighter variability pattern of OJ 287 since January 2016 based on MOMO and
first reported by [76]. Outburst epochs are marked in color (2016/2017: blue, 2020: red).

XMM-Newton spectra allowed us to perform spectral decompositions into two emis-
sion components during each observation [36]; a low-energy, soft Synchrotron component
and a higher-energy hard IC component with I'y >~ 1.5. In particular, the spectrum we
obtained during the 2020 outburst is characterized by super-soft synchrotron emission well
described by a logarithmic parabolic power-law model, and a flatter emission component
(I'x = 2.2) detected in our NuSTAR spectrum up to ~70 keV ([35]; our Figure 6). The break
energy, where the soft and hard spectral components intersect, is located near 1-2 keV in
most XMM-Newton spectra of O] 287. During the 2020 XMM-Newton outburst observation
of OJ 287, there is evidence for an iron absorption line in outflow at ~0.1c [35] visible in
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Figure 6. However, the line is only detected at 20 and needs confirmation in future deeper
observations.

1072

EPIC-pn 2020
NuSTAR 2020

archival EPIC-pn
-+ EPIC-pn 2018

++

103 {*
S

v2F, (keV? [counts s~1keV~1])

1074
| + PL
251 | | #
0.0 1
251t
ag, 5 PL+LOGPA
oot WMMW ks
T 0.0 -
£ s |IH i
a5 PL
o LIATRES S S
2.5 * M T T
0.3 110 310 16.0 360

Figure 6. XMM-Newton EPIC-pn (red) and NuSTAR (blue) observations we obtained during the
2020 outburst of OJ 287 [35]. Note the giant soft X-ray excess detected with XMM-Newton. Our 2018
XMM-Newton observation (taken quasi-simultaneous with the EHT [36]) is shown in green, and all
previous PI and archival XMM-Newton spectra between 2005 and 2015 are displayed in grey for
comparison. The three lower panels show the residuals of spectral fits between 0.3-60 keV from a
single power law and a power law plus logarithmic parabolic power law fit to the XMM-Newton
data, and a power law fit to the NuSTAR data, respectively.

In summary, Swift and XMM-Newton results have established O] 287 as one of the
most spectrally variable blazars known in the X-ray band with spectral indices (using the
power-law description) between I'y = 1.5-3.

3.3. Inter-Band Correlations, DCF

Characterization of variability timescales and cross-band correlations provide con-
straints on emission processes and particle distributions [92-94] and form an important
part of MOMO.

The X-ray band exhibits a strong softer-when-brighter variability pattern (Figure 5)
implying an increasing contribution of a synchrotron component that completely dominates
the high-state spectra. While the UV and optical fluxes are closely correlated at all times,
the X-rays correlate with the optical-UV but show larger scatter (Figure 7). To analyze
cross-band correlations in more detail, we have carried out a discrete correlation function
(DCEF [95]) analysis for five different epochs between 2015 and 2020 [86]. Epoch 1 (2015) was
added from the Swift archive (PI: R. Edelson) because of the dense cadence of twice/day for
a time interval of ~6 weeks. Epochs 2 (2016/17), 3 (2017/18), 4 (2018/19), and 5 (2019/20)
are from the MOMO program. These epochs are of nine months duration each, and are
separated from each other by a three-month gap where OJ 287 is unobservable with Swift
each year. Epochs 2 and 5 include the outbursts, epochs 1, 3, and 4 represent low-level
activity. The DCF analysis has shown that the optical and UV are always closely correlated
with a lag time on the order of 0 d (t = 0 + 1 d during the epoch in 2015 where cadence
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was highest). Instead, X-rays only show zero lag w.r.t the optical-UV at outburst states. At
low-states, the X-rays are leading or lagging, by T = —18 ... +- 7 d (Figure 8).
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Figure 7. Optical(V)-UV(W2) flux correlation (left) and X-ray-UV(W2) flux correlation (right) be-

tween January 2016 and 31 March 2021. Epochs including the outbursts of 2016/17 (blue) and 2020

(red) are marked in color. Fluxes are reported in units of 10~ 1 erg em2s71,
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Figure 8. Discrete correlation functions (upper panel: optical(B)-UV(W2) flux, lower panel: X-ray—
UV(W2) flux) computed for five epochs between 2015 and 2020 shown from left to right (epochs 1,
3, and 4 represent states of low-level activity; epochs 2 and 5 are dominated by outbursts). Filled
regions indicate the £90th (light color), 95th (medium color), and £99th (dark color) percentiles
from N = 103 light-curve simulations. Horizontal dashed lines indicate DCF = 0, and vertical
dashed lines indicate 75 x = 0 days. The vertical green line marks the measured lag and its error.
Negative 7x values indicate X-rays leading W2, positive values indicate lagging. During the epoch
2017/2018, the UV-optical deep fade revealed an independent X-ray component not following the
deep fade. Therefore, the X-ray-UV DCF was only carried out after MJD 58100 for this epoch [86].
UV and optical fluxes are always closely correlated with a lag consistent with zero days. X-rays
closely follow the optical-UV during outburst epochs (2016/2017 and 2019/2020), but are lagging
(2015) or leading (2017/2018 and 2018/2019) during epochs of low-level activity.

The near-zero lag between all bands during outbursts is consistent with synchrotron
theory [92]. During epochs of low-level activity, the X-rays are no longer dominated by
soft synchrotron emission. The X-ray spectra are much flatter, and indicate an inverse
Compton contribution. Both leads and lags on the timescale of days to weeks between the
optical and the high-energy emission are predicted by synchrotron-self-Compton (SSC)
and external Comptonization (EC) models [94,96]. SSC models predict shorter timescales
than we observe. We therefore favor EC. The BLR (detected at continuum low-states [17])
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is a plausible source of external seed photons. The correlated variability we detect between
the optical-UV and the X-rays (those not of synchrotron origin) at low-states favors a
leptonic jet model of OJ 287 since these two parts of the SED are expected to vary more
independently in hadronic models.

3.4. SEDs

One of the long-term goals of MOMO is modeling of the SEDs of O] 287 at different
flux and spectral states. Selected broad-band Swift SEDs are shown in Figure 9. Zooms on
the optical-UV range are reported in Figure 10. The X-ray and UVOT spectral shapes are
correlated, with softer X-ray spectra corresponding to bluer optical-UV spectra, interpreted
as an increasing dominance of synchrotron component(s) at high-states.
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Figure 9. Observed SEDs of O] 287 obtained with Swift at selected dates: the 2016/17 and 2020
outbursts around peak (February 2017 and April 2020), March 2017, April 2018, the September 2020
low-state [36], and an epoch from January 2021. The X-ray spectral steepening at high-states is due to
the increasing contribution of the synchrotron component(s).
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Figure 10. Zoom on selected Swift UVOT SEDs of OJ 287 since 2016.

3.5. Individual Outstanding Epochs and Comparison with Predictions of the SMBBH Model

Here, we comment on the most noteworthy events in the light curve of OJ 287 since
2016 (see Table 2 for a summary).
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Table 2. Summary of outstanding events in the Swift light curve or OJ 287 and/or predictions from
the binary scenario between 2016 and 2021.

Event obs. Date Waveband Comments

consistent with binary after-flare [97];

outburst Sep 2016-Apr 2017 all supersoft X-ray spectrum, non-thermal
deep fade Oct—Dec 2017 UV, opt symmetric fade, not seen in X-rays
impact flare July 2019 IR predicted; detected with Spitzer [49]
T ot iy ot o )
low-state Sept 2020 UV, opt

precursor-flare Dec 2020 opt predicted [91]

3.5.1. 2016/17 Outburst

OJ 287 underwent a bright outburst starting in September 2016 and extending into
early 2017 [35,76]. This was the brightest X-ray outburst of OJ 287 recorded with Swift.
Despite early speculations about an accretion flare at this epoch as a possible explanation for
the softness of the observed X-ray spectrum, multiple arguments then clearly established
this outburst as non-thermal in nature: First, with Swift, we detect X-ray flux doubling
timescales as short as 4 days, shorter than the light-crossing time at the last stable orbit
of the accretion disk around the primary SMBH (Msypy = 1.8 x 10'0 M) ruling out a
primary’s disk origin. Second, our optical-UV DCF results are consistent with synchrotron
theory, but the lags are too small for accretion—disk reverberation of a SMBH with a mass
as low as ~10® Mg,. Third, the Swift X-ray spectra are well explained by a soft synchrotron
emission component and show the very same softer-when-brighter variability pattern also
seen during the non-thermal 2020 synchrotron outburst ([35]—our Figure 5). Furthermore,
the outburst was accompanied by a radio flare [26,31] and by VHE emission detected
by VERITAS [98], and the optical band showed high levels of polarization [97] as did
the radio [99]. The 2016 outburst, independently detected during ground-based optical
monitoring, was interpreted as an after-flare predicted by the binary SMBH model [97].

3.5.2. 2017 UV-Optical Deep Fade

During October to December 2017, the Swift light curve of O] 287 exhibits a remarkable,
sharp, symmetric deep fade and recovery in the UV and optical band [35,86], at first glance
reminiscent of an occultation event (the deep fade is marked in light blue as feature number
3 in the long-term light curve; Figure 3)°. However, we can rule out the passage of a dusty
cloud along our line-of-sight because the expected optical-UV reddening is not observed.
The optical /UV flux ratio remains constant during the event. Furthermore, it is unlikely
that the secondary SMBH temporarily deflected the jet between primary and observer [101]
since the secondary was expected to be behind the accretion disk during the event [48,90].
The UV-optical deep fade reveals an additional X-ray component that remains constant
during the deep fade and that must therefore arise from a causally disconnected region at
this epoch.

3.5.3. 2020 Outburst

The outburst of April-June 2020 was the second-brightest X-ray outburst of OJ 287 we
detected with Swift. During the peak of the outburst, we obtained follow-up spectroscopy
with XMM-Newton and NuSTAR and increased the cadence of Swift observations [35].
Our XMM-Newton spectrum firmly established the presence of the super-soft synchrotron
component seen in the Swift snapshot spectra and allowed detailed spectral modeling. Our
NuSTAR spectrum revealed a spectral component extending to ~70 keV with I'y = 2.2,
remarkably soft for that high-energy band, and softer than pure IC emission. The rapid flux
variability detected with Swift, with a flux doubling within a few days, is faster than the
light-crossing time at the last stable orbit of the accretion disk around the primary SMBH.
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All these observations establish the non-thermal synchrotron nature of this bright outburst
that is accompanied by a radio flare as well (Figure 11). Komossa et al. [35] concluded that
the timing of the outburst is consistent with an after-flare predicted by the binary SMBH
model [62].
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Figure 11. OJ 287 light curve since mid-2019. Upper and middle panel: Swift X-ray and UV(W2) flux
in units of 10~ erg s~! cm 2. Lower panel: Effelsberg radio flux density at 10.45 GHz (black) and
4.85 GHz (green). The radio light curve at 4.85 GHz shows less structure because of opacity effects.

3.5.4. Late 2020-Early 2021 Flux Evolution and Search for Precursor Flare Activity

Single bright optical flares, referred to as ‘precursor flares’, were seen to precede some
of the previous impact flares of OJ 287 [91]. Since the next of the impact flares is predicted
to become visible in 2022 [48,49], it is interesting to ask whether we detect any precursor
flare activity in our most recent Swift light curve. In fact, a precursor event was predicted
around the epoch 2020.96 + 0.10 [91]. During the time frame of October 2020-February
2021, we detect some of the mini-flaring activity similar in amplitude and duration to
previous epochs and none of them stands out. In addition, the light curve also reveals a
slow, broad, systematic rise in the UV-optical flux (Figures 3 and 11). The rise started in
September 2020 and reached its first maximum in early January 2021. While the timing
agrees with the predicted precursor flare, the observed duration is longer than the sharp
events discussed by Ref. [91]. The Effelsberg light curve at selected frequencies is shown
in Figure 11 in comparison with the recent Swift light curve. It demonstrates that the
long-lasting optical flare is accompanied by flaring activity in the radio band. Precursor
flares could be caused by temporary accretion and jet launching events by the secondary
SMBH as it enters the denser parts of the disk corona before it impacts the disk itself [90,91].
However, the particular flare we observe is most likely related to a jet component or the core
of the primary SMBH because its radio properties are very similar to the earlier 2020 flare,
and it would require fine-tuning to get a near-identical event from a temporary jet of the
secondary SMBH. The cadence of our Swift observations was only 3—4 d during the epoch
in question, so we may have either missed any sharp event, or else it may have remained
faint (for instance, due to a different angle of approach) and was therefore undetectable.
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4. Summary and Conclusions

We have presented a description of the project MOMO that aims at understanding
blazar physics and binary black hole physics of O] 287 during its recent evolution. Swift
and the Effelsberg radio telescope play a central role in this project and we have used
both to obtain measurements of OJ 287 at >13 frequencies, along with deeper follow-up
spectroscopy from the optical to X-rays in outburst or deep minima states. The rich data sets
and their interpretation are presented in a sequence of publications. Previous work focused
on: the particularly bright 2016/17 Swift outburst (paper L1I, [35,76]); polarimetry (paper
Ib, [31]); the bright, super-soft, non-thermal 2020 outburst—interpreted as possible binary
after-flare—with its exceptional spectral components measured with Swift, XMM-Newton,
and NuSTAR (paper 11, [35]); two decades of XMM-Newton spectroscopy establishing O]
287 as one of the most spectrally variable blazars in the X-ray band (paper 111, [36]); and a
characterization of the major optical-X-ray variability properties and cross-band lags based
on two decades of Swift monitoring (paper IV, [86]). Here, we have further presented our
radio observations since 2019, revealing a high level of activity since mid-2019 and our
latest Swift multiwavelength results. Our observations continue as O] 287 nears its next
impact flare predicted by the binary SMBH model.

A particular motivation for initiating MOMO has been with the upcoming GW in-
terferometer LISA® in mind. LISA will directly detect GWs from merging supermassive
binaries. As one of the best candidates to date for hosting such a binary, already measurably
shrinking due to the emission of GWs, OJ 287 serves as a test bed for scrutinizing and
establishing the physics that drive the multi-wavelength emission and orbital evolution of
such systems. Independent of any binary’s presence, OJ 287 is a nearby bright blazar emit-
ting across the electromagnetic spectrum from the radio to the very-high energy regime,
and therefore MOMO—the densest monitoring of OJ 287 carried out so far at multiple
radio, UV, and X-ray frequencies—provides us with new constraints on the disk—jet physics
of blazars.
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Abbreviations

The following abbreviations are used in this manuscript:

BLR broad-line region

DCF discrete correlation function
EC external Comptonization
EHT event horizon telescope

EUV extreme ultraviolet

GR general relativity

GWs gravitational waves

IC inverse Compton

LBL low-frequency peaked blazar
LISA laser interferometer space antenna
MJD modified Julian date

MOMO  multiwavelength observations and modeling of OJ 287
MWL multiwavelength

PI principal investigator

PN post-Newtonian

SED spectral energy distribution
SKA square-kilometer array

SMBH supermassive black hole
SMBBH supermassive binary black hole

SSC synchrotron-self-Compton
UVOT  UV-optical telescope

VLBI very long baseline interferometry
XRT X-ray telescope

Notes

1

2

e.8- Torems = 315 x 10° K during the 2005 flare [60].
Given the redshift of OJ 287, UVOT filter central wavelengths [83] correspond to Ay = 1476 A (UV-W2) and Ao = 4187 A (V),
respectively, in the restframe.

Note that OJ 287 has a BLR detected at continuum low-states, independently implying the presence of a significant but faint
accretion disk that photoionizes the broad lines [17,18].

4 except for epochs, where the secondary SMBH may be temporarily accreting and launching a short-lived jet [90,91].

° The deep fade was independently noticed in ground-based optical monitoring and was used to obtain imaging of the host galaxy
of O] 287 while the blazar glare itself was least affecting the host detection [100].

6 https:/ /www.elisascience.org/ (accessed on 19 July 2021).
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